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Abstract We have previously shown that the systemic injection of sodium tungstate, a 
protein-tyrosine phosphatase (PTPase) inhibitor, to pupae immediately after pupation efficiently 
produces characteristic color-pattern modifications on the wings of the Painted Lady butterfly 
Vanessa cardui. In this species, the black spots reduced in size and eventually disappeared in 
response to the treatment. The observed modifications probably resulted from the prolonged 
activation of a signal transduction cascade initiated by a receptor-type protein-tyrosine kinase in 
scale cells. Here we observed that applying this method to the Small Copper butterfly Lycaena 
phlaeas daimio, the black spots in the ventral wings enlarged in size, which was in sharp contrast 
to the induced modifications in V. cardui. This type of modifications seen in L. phlaeas 
daimio has frequently been reported in many field-caught individuals of Lycaenidae. By simply 
examining the natural color-patterns of Japanese lycaenid butterflies, we here note that the 
enlargement of spots is related with speciation in this family. The most remarkable example can 
be found in the Japanese Maculinea species, M. teleius and M. arionides. While the former has 
small spots, the latter has “enlarged” spots in the ventral wings, which is reminiscent of the 
tungstate-treated modifications in L. phlaeas daimio. Since it has been proposed that a 
hypothetical transduction pathway with a PTPase for the scale-cell differentiation globally 
coordinates the wing-wide color-patterns, our findings suggest that spontaneous mutations in 
genes in this hypothetical pathway might have played a role in creating new color-patterns and 
species at lease in Lycaenidae. 
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Introduction 


A wide variety of the Lepidopteran wing color-patterns is probably one of the most diverse 
phenotypes among all organisms. This is largely because the color patterns on the wing 
surfaces are conspicuous traits for natural selection by predators (Brakefield, 1987; Uesugi, 
1991; Grant et al, 1996; Brakefield & Liebert, 2000; Kapan, 2001) and mates (Jiggins et al, 
2001; Sweeney et al, 2003). Butterfly wings thus offer an excellent system to investigate from 
the viewpoint of evolutionary and developmental biology how these various morphogenic 
traits have been invented and maintained in nature (Nijhout, 1991; Brakefield et al, 1996; 
Brunetti et al, 2001; Beldade & Brakefield, 2002). 


In addition to various natural forms of butterflies from around the world, many aberrant 
forms of butterflies caught in the field have been reported in lepidopterology journals. Some 
of these “spontaneous” aberrant color-patterns have been systematically reviewed in the light 
of wing homeosis (Sibatani, 1980, 1983a, 19835). Recent advances in molecular genetics and 
developmental biology of the fruit fly made it possible to understand to some extent 
molecular events leading to these aberrant forms (Warren et al, 1994). However, some 
other aberrant types of butterflies remain to be examined systematically. 
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Figs 1-5. Artificially-induced or spontaneous modifications of color-pattern elements in 
Lycaenidae. 1. Modifications induced by the tungstate treatment in L. phlaeas daimio. 
The left-most one is a non-treated individual showing a natural color-pattern. Others 
show modified patterns, although their precise patterns of modifications were different 
from individual to individual. An arrow and an arrowhead indicate Media 1 (distal 
band) and Externa3 (element g), respectively, which are spot lines that are highly 
sensitive to this treatment. 2 and 3. A field-caught individual of L. phlaeas daimio with 
modifications that are similar to the artificially-induced ones (Miyakuni, 1991). Re- 
produced from Chouken Field. 4 and 5. Field-caught aberrant individuals of Tongeia 
fischeri (Fujiwara, 1992) and Pseudozizeeria maha argia (Tsunemoto, 1988). Re- 
produced from Chouken Field. 


Since more than a century ago, many researchers such as Standfuss in Germany and Merrifield 
in England have tried to produce aberrant forms in artificial measures (Sakaguchi, 1981). It 
has been revealed that temperature shock at the late larval and pupal stages could produce 
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Figs 6-11. Comparison of color patterns between two Maculinea species, M. teleius and M. 
arionides. 6 and 7. M. teleius, dorsal and ventral sides. An arrow and an arrowhead 
indicate spot lines, Media 1 and Externa 3, respectively. These spot lines correspond to 
those of Figs! and 9. This specimen was provided by Dr Masatoshi Takakuwa, 


Kanagawa Prefectural Museum of Natural History. 8-11. M. arionides, dorsal and 
ventral sides. These specimens were provided by Mr Takuya Ito and Mr Ryo Takahashi 


in Hokkaido University. 


characteristic wing-pattern modifications with fuzzy pattern boundaries in many species of 
butterflies and moths (Sakaguchi, 1981). More systematic studies on the temperature-shock- 
induced modifications of the butterfly wing color-patterns have been performed by Nijhout 
(1984, 1985a) using Vanessa cardui, Vanessa virginiensis, and Precis coenia, all of which 
belong to the subfamily Nymphalinae of the family Nymphalidae. In these species, the 
induced aberrant patterns can be arranged in a linear progressive series according to 
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modification degrees (Nijhout, 1984, 1985a). These modified individuals are considered to 
be “phenocopies” that are equivalent to Drosophila ones (Niyhout, 1984, 1985a, 1991). 


Following this work, we have previously shown that using V. cardui the “cold-shock 
property” can be transferred from the cold-shocked to the non-cold-shocked individuals via 
hemolymph transfusion (Otaki, 1998). This immediately suggests the existence of a “cold- 
shock hormone” that coordinates many pattern elements throughout wings and further 
suggests the existence of chemical substances that can mimic the activity of this putative 
hormone when injected into pupae (Otaki, 1998). 


Accordingly, we have demonstrated that the systemic injection of some oxyanions, especially 
sodium tungstate, can induce the color-pattern modifications that are very similar to those 
induced by the cold-shock treatment (Otaki, 1998, 2003). High efficiency of the tungstate 
treatment is illustrated in the fact that in V. cardui the tungstate injection induced some 
modifications in 100% and the most extreme modification in 63% of the treated individuals 
(Otaki, 1998), whereas the optimized cold-shock treatment induced some modifications in 
about 60% and the most extreme modification only in 2.6% (Nijhout, 1984). Thus, it is 
reasonable to speculate that tungstate mimics the action of the putative cold-shock hormone. 
Since tungstate is a well-known competitive inhibitor for protein-tyrosine phosphatases 
(PTPases) at the cellular and animal physiology level (Fillat et al, 1992; Goto et al, 1992; 
Barbera et al, 1994; Matsumoto, 1994; Haque et al, 1995; Li et al, 1995) as well as at the 
crystal structure level (Stuckey et al, 1994; Egloff et al, 1995; Schubert et al, 1995; Fauman 
et al, 1996; Yang et al, 1998), such a developmental signal transduction cascade may be 
involved in determining the color pattern. 


Here we studied the effects of tungstate on the color-pattern determination in the Small 
Copper butterfly Lycaena phlaeas daimio (Lycaenidae, Lycaeninae). The induced 
modifications were examined in the light of spontaneous aberrant patterns as well as natural 
patterns of lycaenid butterflies. Our findings may contribute to elucidating an evolutionary 
mechanism for the color-pattern determination and speciation at least in Lycaenidae. 


Materials and methods 


Adult individuals of the Small Copper butterfly L. phlaeas daimio (Lycaenidae, Lycaeninae) 
were caught in the Shonan-Hiratsuka campus of Kanagawa University, Japan. Eggs laid on 
hosting plants in a cage were then collected. Alternatively, live larvae or eggs were caught 
in the field. In both cases, larvae were fed on natural hosting plants at ambient temperature 
(254+5°C). Since it is very difficult to obtain any modified color-patterns without experimen- 
tal manipulations, genetic differences among individuals including sex were ignored. 


Based on the previous study (Otaki, 1998), we considered the sodium tungstate treatment to 
be functionally equivalent to but methodologically more efficient than the cold-shock 
treatment. Injections were made at a segmental boundary of papae with 1.0M sodium 
tungstate solution (0.2 wL) using a micropipette within 6 hours after pupation. 


Induction rate (JR) for the treatment was calculated as follows: 
gy — im 
IR(%)= N. x 100 


where NV,=the number of treated individuals with successful eclosion, and 7,,=the number 
of modified individuals. The survival rate (SR) was calculated as follows: 
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SR(%)=Re- x 100 
N; 


where N,=the total number of treated individuals, and N, =the number of treated individuals 
with successful eclosion. 


Natural color-patterns of Japanese Lycaenid butterflies were compared to the modification 
patterns observed in L. phlaeas daimio, referring to Inoue et al. (1959) and other pictorial 
books of butterflies. 


Results and discussion 


Among the treated individuals (n=29), the survival rate was 72%, and its induction rate was 
29%. This induction rate was much smaller than that of V. cardui (100%), although its 
survival rate was nearly comparable to that of V. cardui (ca 90%) (Otaki, 1998). 


In the ventral forewings, many black spots enlarged in size and elongated along the wing cells 
in the affected individuals (Fig. 1). These spots are called “Media 1 (MI1)” in the 
Schwanwitsch’s system (Schwanwitsch, 1949) or “distal band” of the central symmetry system 
in the Nijhout’s system (Nijhout, 1991). This is considered as the most diverse pattern 
element in Lycaenidae (Schwanwitsch, 1949; Nijhout, 1991). Similarly modified was 
“Externa 3 (E3)” (Schwanwitsch, 1949) or “element g” (Nijhout, 1991), which also shows 
high diversity in Lycaenidae (Schwanwitsch, 1949; Nijhout, 1991). These two elements 
often merged into the continuation in the tungstate-treated individuals. 


In the ventral hindwings, three spots located close to the costal margin were most severely 
affected in response to the treatment. We also noted that there were modification variations 
not only among different spots but also among different individuals. This is not surprising, 
because similar response variations among individuals and pattern elements have frequently 
been observed in other species (Sakaguch, 1981; Nijhout, 1984, 1985a; Otaki, 1998). In 
addition, the independence of each pattern elements has been known (Nijhout, 1985); 
Niyhout & Wray, 1988; Paulsen & Nijhout, 1993). 


It is worth while pointing out that in V. cardui the black spots diminished and in some cases 
completely disappeared (Otaki, 1998, 2003). This is in sharp contrast to L. phlaeas daimio, 
despite the fact that these two species have similar color patterns (ie. the black spots in the 
orange background). 


Many aberrant butterflies caught in the field have been reported in Japanese lepidopterology 
journals, in which we found that some field-caught butterflies showed striking similarities to 
our experimentally modified butterflies (Figs 2-5). For example, an aberrant L. phlaeas 
daimio individual (Miyakuni, 1991) shows elongation of several spots only in the forewings 
(Fig. 3). Dorsal side of the wings are extensively melanized (Fig. 2), which was also seen in 
the tungstate-treated ones (not shown). Another two individuals of different species shown 
here (Fujiwara, 1992; Tsunemoto, 1988) have similar modification patterns (Figs 4-5). It is 
noteworthy that an aberrant Tongeia fischeri individual (Fig. 4) has severe modifications 
especially in the forewings. An aberrant Pseudozizeeria maha argia individual shows the 
same tendency in the forewings, and the black spots located at the costal margin are most 
severely affected in the hindwings (Fig. 5). These modification tendencies were all observed 
in the tungstate-treated individuals of L. phlaeas daimio, and thus they are likely to be seen 
widely at least in Lycaeninae and Polyommatinae, and possibly throughout Lycaenidae. 
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Figs 12-15. Comparison of natural color-patterns of various Lycaenid butterflies. 12. Everes 
argiades hellotia. 13. Euchrysops cnejus. 14. Pithecops fulgens tsushimanus. 15. 
Pseudozizeeria maha okinawana. 16. Plebejus argus. 17. Scolitantides orion jezoen- 
sis. 


We reasoned that these modifications might have played an important role in speciation in 
Lycaenidae. An excellent example that supports this idea can be found in two Maculinea 
species, M. teleius and M. arionides. \n comparing their color patterns, the “enlargement” 
or “elongation” of the black spots in the ventral forewings is notable in M. arionides but not 
in M. teleius (Figs 6-11) M. arionides is thus reminiscent of the L. phlaeas daimio 
individuals treated with tungstate. It is possible to speculate that since M. arionides lives in 
the higher altitudes in Japan (Fukuda et al, 1984), the enlargement of the black spots in this 
species is somehow related to biological adaptation to lower temperature. 


Natural forms of many other Lycaenid butterflies also show some tendencies observed in the 
treated L. phlaeas daimio (Figs 12-17). In Euchrysops cnejus, only a few black spots are 
especially dark in the ventral hindwings (Fig. 13), in contrast to Everes argiades hellotia (Fig. 
12) and Pseudozizeeria maha okinawana (Fig. 15). These black spots correspond to those 
most severely affected after the tungstate treatment in L. phlaeas daimio. In Pithecops 
fulgens tsushimanus, only these spots exist in the ventral hindwings (Fig. 14). Comparison 
between Plebejus argus (Fig. 16) and Scolitantides orion jezoensis (Fig. 17) immediately 
reveals the difference of the spots in size throughout the ventral wings, as if S. orion jezoensis 
(Fig. 17) evolved after a genetic mutation of a gene being responsible for the color-pattern 
modifications induced by tungstate. These are just some of many examples that can be seen 
throughout Lycaenidae. 


Accordingly, it is reasonable to speculate that there is a common mechanism for evolution of 
the color patterns and speciation in Lycaenidae. Since the color-patterns of Lycaenidae are 
considered to be similar to those of Nymphalidae (Schwanwitsch, 1949; Nijhout, 1991), the 
hypothetical mechanism for the color-pattern determination may be shared by these two 
families and possibly more widely in butterflies and moths. Although the polarity difference 
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in response to the tungstate treatment (ie., reduction versus enlargement of the black spots) 
are notable between V. cardui (Nymphalidae) and L. phlaeas daimio (Lycaenidae), this 
could simply result from a minor adjustment of the hypothetical developmental pathway for 
the color-pattern determination. The experimental results of the tungstate application to 
other families of butterflies will be reported elsewhere. 


The formation of eyespots, which are local pattern elements, has been an intensive focus in 
evolutionary and developmental biology of butterflies (Nijhout, 1991; Brakefield et al, 1996; 
Brunetti et al, 2001; Beldade & Brakefield, 2002). On the other hand, a global or wing-wide 
regulatory mechanism for the color-pattern determination is almost entirely unknown at the 
molecular level. It is important to realize that phonocopies induced by experimental or 
spontaneous measures have their corresponding genetic mutations at least in the case of 
Drosophila and it has been speculated that just a few genes govern this type of modifications 
(Nijhout, 1984, 1985a; Otaki, 1998, 2003). This speculation encourages us to identify a 
target molecule for the putative “cold-shock hormone” and tungstate which might be 
responsible for the global coordination of the butterfly wing color-patterns. This line of 
research is also consistent with the heterochrony mechanism for the color-pattern determina- 
tion (Takayama & Yoshida, 1997; Takayama et al, 1997; Koch et al, 2000a, 2000b). 
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ia Ea 
YY SF a TERI BU SER NY — VIBE CE (RREK + A) 


BABF UY Y > RAT 7 Y—CRSAICH SIVA AFT VBS DV Y ARREBOE 4 
L, WDB SY —VIEHMOR SNA CEBE AV AVFNBWOTRHEANTWOYA. Chik, HO 
ZBOT, BACHE ARF oyy 4P o CHMSN ZAMAN PROEZSRORBENS 
HESNA Z IMAT ZEBRA ONS. COMMTH, N=Y YS PA CMRORRE TO. 
FADED RT ZC RP AHF SLIT, aayy 8 Cl ASO BRIDAL 
We. COED rE, Na V VY SIEDO CHK, FOAVYANRAYV SPV EYVS RES OVY 
SF a7 PME IZB VT bY CHE IAB SNA. TERR AKRORO BERN -—VizBWTDH 
RRO TRI DE Strive. hs zE oTe yna CME <KASERBMAKROA A IVY LVS k 
OPES CORD DSL PICHS. TORANA, PREC LdYY SF aTRACls, SM 
Hd OSM bz Bald % (ay 7 HAAN SA ES O (EROS (TBR << BE TA SCE RRUTWS. 
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